The anatomical structure and morphology of the oat plant (Avena sativa L.) have been reviewed previously by Hector (1936) , Bonnett (1961a,b) and Coffman (1977) . In addition, Bonnett published detailed accounts of oat panicle development (1937, 1961a,b) . This work has been summarized by Esau in her book, Anatomy of Seed Plants, in 1977. It is not the purpose of the present authors to simply go over all this same material again in a repetitive fashion, but rather, to emphasize some of the more recent and previously overlooked work on structural development of the oat plant, with emphasis on the major cultivated species, A. sativa (see Stanton, 1955; Coffman, 1977 for descriptions of this species). The material presented here should be of use to oat breeders, agronomists, and plant physiologists.
3-1 STRUCTURE
OF THE VEGETATIVE OAT PLANT 3-1.1 Seedling structure
3-1.1.1 Light-Grown Seedlings
The light-grown oat seedling initially consists of a cylindrical coleoptile (a sheathing leaf that protects the shoot apex and undeveloped leaves), the coleoptilar node, where the coleoptile is attached, a mesocotyl or first internode, a scutellum (cotyledon), epiblast, coleorrhiza, and seminal (seedling) root system. At germination, the shoot portion of the seedling emerges from the apical end of the grain (caryopsis). The structure that emerges first is the coleoptile. Anatomically, the coleoptile consists of inner and outer epidermises, ground parenchyma tissue between the two epidermises, and two vascular bundles. As the seedling develops in the light, the first true leaf emerges from the coleoptile through an apical pore. The first true leaf consists of a blade portion only, with no sheath present, in contrast to later-formed leaves. Exceptional detail of oat coleoptile structure is depicted in Avery (1930) , Avery and Burkholder (1936) , Bohmer (1958) , Thimann and O'Brien (1965) , and O' Brien and Thimann (1965, 1967) . From the initiation of emergence, the coleoptile manifests competency for negative gravitropism, or upward growth, regardless of initial orientation with respect to gravity ( Fig. 3-1) . Coleoptile elongation is largely regulated by the hormone, auxin (indole-3-acetic acid), which is produced by the coleoptile tip, moves basipetally via an active transport system, and promotes cell elongation in a growth zone located below the tip. Since gravitropism is, finally, asymmetric growth, oat coleoptile gravitropism is an auxinregulated process.
The physiology of auxin action in oat growth and gravitropism is discussed further in Thimann (1977) , Kaufman and Song (1987) , and Kaufman et al. (1987) .
In contrast to the coleoptile, the mesocotyl is very short in light-grown oat seedlings. It consists of an epidermis, cortical parenchyma, and several vascular bundles composed of primary xylem and phloem. Two of these vascular bundles are connected to the scutellum, or cotyledon, located at the base of the mesocotyl.
The others connect with vascular bundles of the coleopo tile above and the root vascular cylinder (stele) of the radicle, or seed root, below. Further anatomical detail of the oat mesocotyl is presented by Boyd and Avery (1936).
As noted above, the oat seedling has three specialized appendages other than the coleoptile: the scutellum, the epiblast, and the coleorrhiza.
The scutellum and epiblast are inserted 180°opposite each other at the base of the mesocotyl.
The coleorrhiza surrounds the radicle or primary seminal root of the seedling. The scutellum is vascularized whereas the epiblast and the coleorrhiza are not (Boyd & Avery, 1936) .
The root system of the seedling is composed of several seminal (seed) roots that arise from the scutellar node. Two or three adventitious roots may also emerge from the coleoptilar node. As the plant grows, basally located secondary tiller shoots may begin to emerge from the lowest nodes ( Fig. 3-3 ). The uppermost tiller buds, in contrast, remain quiescent. These upper tiller buds may be induced to form tiller shoots when the vegetative shoot becomes lodged (falls over due to action of wind or rain) (Fig. 3-4) . The basal tiller buds are also accelerated in their development by lodging (Harrison & Kaufman, 1980 , 1982 . Secondary tiller development is also promoted by the emergence of the panicle, or by the removal of the top of the main culm.
The root system of the vegetative plant is fibrous in nature throughout the life of the plant. The fibrous seminal roots of seedlings can be seen in Fig. 3-1 . After the seedling stage, many of the seminal roots senesce. The root system then consists largely of branched adventitious roots that emerge from the basal-most nodes of the oat shoot (see, e.g., Fig. 3-3 ). These roots are also fibrous. The uppermost adventitious roots serve the additional func- tion of supporting the plant. These "prop" roots of oat are less prominant than those of larger plants, such as those of corn (Zea mays L.). Adventitious roots may also emerge from upper nodes in the stem of lodged main shoots, and from nodes near or in contact with the soil. Adventitious roots may also arise from the nodes of tiller culms that develop at the base (crown) of the shoot system. 
3-1.2.2 Node and lnternode System KAUFMAN & BROCK
As mentioned previously, each culm of the vegetative oat shoot is made up of a series of alternating nodes and internodes. The nodes are sites of insertion of leaves and tiller (axillary) buds, one occurring at each node. The node is also a site where vascular bundles from the leaf and axillary bud (and adventitious roots when present) associated with this node and from the internode above and below all converge in an anastomizing vascular plexus (Chrysler, 1906) .
Each node subtends a leaf-sheath pulvinus.
The pulvinus is an enlarged region surrounding the stem at the base of each leaf sheath, distal to the node, and is the site of shoot gravitropism.
The bending of the shoot, characteristic of gravitropism, is limited to this node-pulvinus region. This site of elbowlike bending is commonly referred to as a joint.
Each mature internode of the vegetative oat shoot is a hollow cylinder with a large, cylindrical lacuna (air space) in the center ( Fig. 3-5A ). Its anatomy consists of outer epidermis, ground or cortical parenchyma, two rings of vascular bundles, and an inner epidermis ( Fig. 3 -5B). This type of structure is also illustrated by Esau (1977) .
Close to the periphery of the stem, just inside the epidermis, is a continuous cylinder of sclerenchyma in which the smaller vascular bundles of the outer ring are embedded. Strands of fibers also occur between these small vascular bundles. The internodes owe their structural support capability not only to the cellulosic cell walls of the internodal parenchyma cells, but also to lignin and amorphous silica gel (SiO 2.nH20 ). Lignin occurs in the cell walls of subepidermal sclerenchyma, and silica gel is found in cell walls of the outermost internodal cells, which are primarily epidermal cells together with some sclerenchyma and cortical parenchyma ceils (Kaufman et al., 1969a; 1970a; 1971; Simpson & Volcani, 1981 
3-1.2.3 Internodal Elongation During Development
Each internode and node of the vegetative oat plant arises just below the shoot apex, originating from cellular derivatives of the tunica and corpus of the apical meristem (Kleim, 1937) . Nodes gradually become separated from internodes due to the cell division activity of a peripheral meristem and a central rib meristem in the developing internodes (Kaufman et al., 1965) . For the first one-third of internodal elongation, growth by cell division predominates, initially throughout the internode, later at the periphery, and then at the base (Fig. 3-6 ). The localization of cell division activity to the et al., (1965, 1970a,b, 1971) .
For the last two-thirds of the period that oat internodes elongate, growth by cell elongation predominates, and this occurs in the basal part of the in- ternode (Kaufman et al., 1965) . This has been ascertained by analyzing the growth of individual epidermal cells along the internode. Growth in the internode is greatest towards the base of the internode, near the intercalary meristem. The elongation growth of the individual internode begins very slowly ( Fig. 3-7A ). The internode then releases with a burst of growth, with the majority of its elongation occurring over the next 4 to 5 d. This burst of growth may be most easily seen as the change in the rate of growth, the change in length per day. The highest rates are limited to only a few days during the growth period of an internode. As noted earlier, successive internodes elongate in a sequential fashion.
One internode begins to elongate as the previous internode finishes its growth ( Fig. 3-7B ). As the previous internode ceases elongating, the next enters its burst of growth.
This arrangement leaves the resources of the plant available to the individual internode during its period of greatest rate of growth. Fig. 3-8 . Detail of the morphology of the pulvinus-node region of an oat shoot, as would be seen in median longitudinal section. Note that the leaf-sheath pulvinus is at the base of the leaf-sheath, encircling the base of the internode and distal to the node. The tiller bud is inserted into the axil of the sheathing leaf base. a single axillary bud is inserted in the axil of each leaf. Axillary buds are initially formed in young leaf axils relatively close to the shoot apical meristem and are usually first evident three nodes below the shoot apex. 1980, 1982) . Several factors may change this ratio in favor of elevated cytokinin levels that result in the release of axillary buds from quiescence.
These include: (i) lodging,
(ii) herbivory or mechanical decapitation of the main culm, and (iii) emergence of the inflorescence from the flag leaf. sheath, just below the ligule region, emerges from the sheath of the next oldest leaf (same leaf from which the blade had emerged earlier). The total time of leaf development may be as many as five to seven plastochrons (a plastochron is a developmental time index, one plastochron being the time that elapses between the initiation of two successive leaf primordia from the shoot apex).
3-1.2.4 Origin and Development of Leaves

3-1.2.6 Structure of Mature Leaves
The mature leaf of oat consists of a leaf blade, the ligule and collar, a leaf sheath and the leaf-sheath pulvinus.
The leaf blade is composed of an upper (adaxial) and a lower (abaxial) epidermis, photosynthetic mesophyll parenchyma, and both longitudinal and cross-connecting (commissural) vascular bundles (Bonnett, 1961b; Kaufman et al., 1985) . Figure 3- (Fig. 3-11 ). Trichomes and bulliform cells are lacking.
Each stomatal complex has a pair of guard cells and two subsidiary cells.
Rows of stomatal complexes are found adjacent to ridges overlying vascular bundles.
No bulliform cells are associated with the lower epidermis.
The mesophyll of the leaf blade forms the matrix of photosynthetic tissue, interspersed among large intercellular spaces between the upper and lower epidermises (Bonnett, 1961a) . It is located between and around the longitudinally oriented vascular bundles. Along the leaf margin, and above and below the largest longitudinal vascular bundles, highly lignified sclerenchyma may also be found (Esau, 1977; Bonnett, 1961a Below the leaf blade and atop the leaf sheath is the collar and ligule.
The collar region is the joint region within the leaf where the ligule is attached and is whitish-colored due to reduced chlorophyll content and chloroplast number. The ligule is a paper-like vertical appendage ( Fig. 3-12 ). Its anatomical structure and function are also described in Bonnett (1961a) . A few oat subspecies are devoid of ligules, as for example, in A. sativa ssp. At the base of the leaf sheath, distal to the node, is a swollen region referred to as the leaf-sheath pulvinus. Upward bending in this region results in the shoots returning to the vertical position when they have become prostrated (lodged) by wind or rain. The structure of the leaf-sheath pulvinus is unique (Bonnett, 1961a; Brown et al., 1959; Dayanandan et al., 1977; Dayanandan & Kaufman, 1984 (Bonnett, 1937 (Bonnett, , 1961a Esau, 1977) .
Branches within the panicle originate as whorls along the rachis, or main axis. As a result, panicles may be either equilateral, with branches arising from all sides of the rachis, or unilateral, with branches arising from one side (Stanton, 1955) . The panicle of A. sativa is equilateral.
Four to seven such whorls of branches occur along a rachis, with the lowermost whorl being longest and the uppermost shortest. Each branch of a panicle has one to several spikelets. The spikelets are composed of several florets, or individual flowers. Later stages in panicle development are denoted by elongation of branches from the rachis of the panicle and differentiation of glumes (bracts), florets and their constituent organs within the spikelets (Fig. 3-13 ). As the rachis elongates, the panicle emerges from the collar of the flag leaf. Further elongation of the rachis and the branches holding the florets results in full presentation of the inflorescence (Fig. 3-14) . By this point, the florets have developed sufficiently to begin pollination.
3-2.2 Origin, Development, and Structure of the Floret
Thefloret, as a technical term, refers to the individual flower of a multiflowered inflorescence (the complete cluster of flowers), and one or more florets occur in a spikelet.
In cultivated oat, each spikelet usually has two to three florets. The floret is supported on a stalk called a rachilla. The apex of the rachilla bears two empty glumes, or bracts, and the florets. Each floret consists of a lemma and a palea (both are bracts), two lodicules, three sta- mens and a pistil (composed of an ovary, a bifid or two-parted style, and plumose or feathery stigmas) (Fig. 3-15 
3-2.3 Pollination and Fertilization
Oat flowers are self-pollinated, with flowers only rarely cross-pollinated. Anthers normally dehisce their pollen prior to and during opening of the floret, so that self-pollination occurs prior to any opportunity for wind pollination.
The pollen grains that are released by the anthers become trapped in the plumose branches of the stigmas of other florets. The pollen grains themselves look like minute oranges; they have a corrugated surface and a single pore. These features are typical of all grasses. The single-pored condition of the pollen is referred to as monocolpate pollen.
Events following anthesis and pollination, namely fertilization and development of the embryo and endosperm within the embryo sac, have been well documented and illustrated by Bonnett (1961a,b) . Bonnett has presented excellent photomicrographs illustrating egg, synergid, and antipodal ceils of the embryo sac and early stages in development of the embryo and endosperm in the embryo sac following fertilization.
A globular proembryo and free nuclei of the endosperm are evident 48 h after fertilization. As the embryo develops, it becomes torpedo-shaped. Just after this stage, the shoot and root apices become organized and a coleoptile primordium appears. As the embryo matures, it forms a lateral scutellum (cotyledon)next to the en- dosperm, a coleorrhiza over the root apex, and several leaf primordia within the coleoptile.
Concomitant with these events, the endosperm becomes cellular (forms cell walls around the free nuclei) and its cells start to store starch as well as protein (in the peripheral aleurone layers).
3-2.4 Structure of the Mature Oat Grain (Caryopsis)
The mature grain of oat is surrounded by two protective, highly silicified husks, called the lemma and the palea. When both the lemma and the palea are removed, the naked grain, or caryopsis, is revealed. The caryopsis of 'Victory' is covered with conspicuous trichomes. This is typical of most cultivars.
In transverse section, one observes a distinct crease in the grain.
The grain, seen in this plane, is composed of the pericarp, the aleurone and subaleurone layers of the endosperm (filled with storage protein bodies) ( Fig.   3-16 integuments and nucellus surrounding the embryo sac (see also Fulcher, 1986 ). The anatomical structure of the oat embryo is illustrated by Fisk and Millington (1962) and by Hector (1936) . The structure of the aleurone layer and starchy endosperm is further described by Bechtel and Pomeranz (1981) .
